Post-transplantation lymphoproliferative disorder is an aggressive complication of transplantation, most frequently of diffuse large B-cell lymphoma morphology and associated with Epstein-Barr virus (EBV) infection/reactivation. In this study the microenvironment of EBV + (n = 23) and EBV − (n = 9) post-transplant non-germinal center B-cell diffuse large B-cell lymphoma was characterized. Of EBV + cases somatic hypermutation analysis, gene expression profiling, and extensive phenotyping were performed. Our results demonstrated variable cytotoxic T-cell infiltration and significantly increased CD163 + M2 macrophage infiltration in EBV + compared with EBV − post-transplant diffuse large B-cell lymphoma. On the basis of IgM staining and hypermutation analysis, two EBV + post-transplant diffuse large B-cell lymphoma subgroups were identified: IgM + tumors lacking somatic hypermutations and IgM − tumors harboring somatic hypermutations. IgM − tumors arose late following transplantation (median interval: 16 months), mainly in kidney recipients. IgM + tumors on the other hand arose early (median interval: 3 months, P-value = 0.0032), almost exclusively following stem cell transplantation and were associated with worse outcome (median survival 1 month for IgM + versus 41 months for IgM − tumors, log-rank/Wilcoxon P-value 0.07/0.04). Notably, IgM + tumors were characterized by plasma cell features (monotypic kappa/lambda expression, high MUM1 expression, and partial CD138 expression) and a high proliferation index. Consistent with the plasma cell phenotype, unfolded protein response signaling was upregulated. In contrast, IgM − EBV + post-transplant diffuse large B-cell lymphoma did not express kappa, lambda, IgD, or CD138 and expressed limited MUM1. In these tumors T-cell signaling was enhanced associated with increased T-cell infiltration compared with IgM + cases. Overall, our results allow further molecular classification of EBV + post-transplant diffuse large B-cell lymphoma and provide a rationale for the use of subtype-specific-targeted therapies (eg, bortezomib in IgM + tumors). Our findings also provide a biological basis for the clinical differences between post-transplant lymphoproliferative disorder following solid organ and stem cell transplantation, which are regarded as different disorders. Modern Pathology (2017) 30, 370-381; doi:10.1038/modpathol.2016.199; published online 6 January 2017
Post-transplantation lymphoproliferative disorders affect a rising number of transplant recipients due to the increasing frequency of transplantations performed, more potent immunosuppressive medication, and prolonged survival following transplantation. The most common malignant subtype is post-transplant diffuse large B-cell lymphoma, which is positive for the Epstein-Barr virus (EBV) in the majority, but not all cases. 1 This raises an important question: are EBV-positive (EBV + ) and -negative (EBV − ) post-transplant lymphomas different? We previously reported that EBV + post-transplant diffuse large B-cell lymphoma is associated with innate immune responses and immunotolerance. 2 These results suggested that the microenvironment is greatly impacted by the presence of EBV. A number of studies already touched on this subject, 3, 4 however a thorough histopathological study of the non-malignant stromal component of post-transplant diffuse large B-cell lymphoma has not been performed.
In contrast to diffuse large B-cell lymphoma in the general population (which is mostly unrelated to EBV and can be of germinal center B-cell or nongerminal center B-cell origin), the vast majority of EBV-associated diffuse large B-cell lymphoma is of non-germinal center B-cell origin. [5] [6] [7] The induction by EBV of pathways like NF-κB signaling, which is highly characteristic for non-germinal center B-cell diffuse large B-cell lymphoma could explain this observation. 8 The non-germinal center B-cell origin of post-transplant lymphoproliferative disorders is supported by the presence of somatically hypermutated immunoglobulin variable chains (IgV) in the majority of these tumors. 5, 9 However, a few rare cases that lack somatic hypermutation have been reported. [10] [11] [12] Their origin is currently unclear.
Except for a number of consensus epidemiological risk factors (age at transplantation, EBV seronegativity, graft type, and immunosuppressive therapy regimen 13 ), there are currently few clues available to predict which transplant recipients will eventually develop post-transplant lymphoproliferative disorders. In accordance with the presumed role of EBV as a key driver of pathogenesis, EBV + posttransplant diffuse large B-cell lymphoma generally arises earlier following transplantation than EBV − post-transplant lymphoproliferative disorders. However, also within the subgroup of EBV + posttransplant lymphoproliferative disorders the interval between transplantation and post-transplant lymphoproliferative disorder onset varies considerably. In hematopoietic stem cell recipients EBV + posttransplant diffuse large B-cell lymphoma arises within weeks to months, 14 whereas in solid organ recipients EBV + post-transplant diffuse large B-cell lymphoma may still occur several years after transplantation. 15 Low levels of anti-EBV cytotoxic T-lymphocyte precursors following hematopoietic stem cell transplantation could contribute to this higher risk of early onset post-transplant lymphoproliferative disorder. 16 In the context of immunosuppression, uncontrolled lytic EBV replication has also been associated with early lymphoma onset. 17 Except for increasing the spread of EBV, lytic replication is thought to contribute to early lymphomagenesis through upregulation of B-cell growth promoting factors. A key factor in this process is ZEBRA (BZLF-1, Zta), the main viral activator of EBV lytic replication. [18] [19] [20] Expression of ZEBRA in EBV + B cells is tightly regulated allowing EBV to establish long-term latency. The particular stimuli that naturally induce lytic replication are currently not defined, but several studies have shown that networks governing plasma cell differentiation are also involved in the balance between EBV latency and replication. 21, 22 EBV lytic replication in EBV + post-transplant lymphoproliferative disorder has been described, 17 however the clinical and biological consequences are not clear.
In this study, a homogenous series of EBV + and EBV − post-transplant diffuse large B-cell lymphoma was thoroughly characterized to study the composition of the microenvironment, the IgV mutation status, and latent and lytic EBV protein expression. These features were associated with clinical features and the tumor immunophenotype. Our results suggest that two clinically relevant subgroups of EBV + post-transplant diffuse large B-cell lymphoma exist related to the occurrence of somatic hypermutation and associated with a particular phenotype.
Materials and methods

Case Selection
To prevent the introduction of bias, only cases of non-germinal center B-cell diffuse large B-cell lymphoma (immunohistochemically defined using the Hans algorithm 23 ) were selected. We used a selection of diffuse large B-cell lymphoma (32 posttransplant diffuse large B-cell lymphoma, 19 diffuse large B-cell lymphoma in immunocompetent individuals), a part of which was previously reported. 2 Clinical data were retrieved from the medical records and summarized in Table 1 . This study was approved by the Ethical Committee of UZ Leuven (S55498) and was conducted according to the Declaration of Helsinki.
EBV-Encoded RNA In Situ Hybridization and Immunohistochemistry
All stainings were performed on formalin-fixed paraffin-embedded sections. EBV-encoded RNA in situ hybridization was performed to define the presence of EBV as previously described. 2 We used two antibody panels to characterize (1) the tumor cells (Ki67, MUM1, CD138, kappa, lambda, IgM, IgD, IgG, IgA, and PDL1) and (2) the microenvironment (CD3, CD4, CD8, granzyme B, perforin 1, TIA1, FOXP3, and PD1 for T-cell subsets; CD138 for plasma cells; CD56/NCAM1 for NK cells; CD68/ PGM1, CD163 for macrophages). Expression of tumor markers was estimated (in percentage) taking into account the entire tissue section. The stromal infiltrate was quantified based on positive cell counting in five high-power fields (hpf, x400). Peripheral and necrotic regions were not considered for scoring and cell counting.
The EBV latency profile was determined based on the staining pattern of LMP1 and EBNA2 latency proteins: latency III (LMP1 + /EBNA2 + ), latency II (LMP1 + /EBNA2 − ), latency
The occurrence of lytic EBV was defined by staining for the viral protein ZEBRA. The median number of ZEBRA + cells was calculated based on 
Quantitative RT-PCR
Expression of sXBP1 (forward primer 5′-AGACAG CGCTTGGGGATGGAT-3′; reverse primer 5′-CCTGC ACCTGCTGCGGACTC-3′) was examined by RT-PCR according to standard methods (in cases 1, 3, 4, 6, 7, 12, 13, 15, and 19-23) . Cases were selected based on the availability of fresh frozen tissue and RNA quality. Briefly, total RNA was extracted from 20 μm sections of each frozen tissue sample using the RNeasy mini kit (Qiagen, Venlo, the Netherlands) according to the manufacturers' recommendations. RNA quality and concentration were measured using a Nanodrop spectrophotometer (Nanodrop Technologies, Wilmington, DE, USA). Of each total RNA sample, 1 μg was used for cDNA synthesis (iScript cDNA Synthesis Kit; Bio-Rad Laboratories, Irving, CA, USA). RT-PCR assays were performed in duplo using Fast SYBR Green Master Mix (Applied Biosystems, Foster City, CA, USA) according to the manufacturer's protocol. Normalization was done using RPL13A (forward primer 5′-GTGAAGGCATCA ACATTTCTG-3′; reverse primer 5′-GATAGGCAAAC TTTCTTGTAGG-3′) as housekeeping gene. All primers were custom made (Invitrogen, Carlsbad, CA, USA).
Somatic Hypermutation Assay
The somatic hypermutation assay was performed on 19 cases of post-transplant diffuse large B-cell lymphoma (1-4, 6-9, 11-14, 16, and 18-23) by standard methods from the clinical laboratory, UZ Leuven.
Briefly, DNA was extracted from fresh frozen tissue using the Invisorb Spin Forensic kit (Stratec Biomedical AG, Germany). Amplification of IGHV regions by polymerase chain reaction was performed using VH framework region 1 consensus family specific primers (VH1-VH6), FR1C, and JH primers. Thermal cycling conditions were 12 min at 94°C, followed by 32 cycles at 92°C for 30 s, 64°C for 15 s, 72°C for 20 s, elongation at 72°C for 10 min, and a final step at 4°C for 5 min. High-resolution capillary electrophoresis was performed using the Qiaxcel system (Qiagen, Germany). Sequencing was performed using the ABI 3730xl Genetic Analyzer (Thermo Fisher Scientific, USA). The mutational status of the IgV region was ultimately determined using the IMGT database. 24 In case of 42% or greater mutation frequency, the IgV region was considered as mutated.
Gene Expression Profiling
Microarray gene expression data were available for a subset of 17 previously published EBV + posttransplant diffuse large B-cell lymphoma that were 1 (15) 41 (63) 38 (42) 33 (52) 35 (50) 56 (70) Abbreviations: EBV, Epstein-Barr virus; IC-DLBCL, diffuse large B-cell lymphoma in immunocompetent patients; LR, log-rank test (most sensitive for differences in late survival times); PT-DLBCL, post-transplant diffuse large B-cell lymphoma; W, Wilcoxon test (most sensitive for differences in early survival times.
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IgM − (n = 12; cases 1-12) or IgM + (n = 5; cases 17-21) (gene expression profiling data are available at GEO GSE38885). Hierarchical clustering and inference analysis to identify differentially expressed genes were performed as previously described. 2 Criteria for significance were P-value o 0.001 and absolute fold change of 1.5.
Pathway Analysis
To identify significantly enriched gene networks, relevant pathways and biological functions in IgM + and IgM − EBV + post-transplant diffuse large B-cell lymphoma, the results of inference analysis were uploaded into the 'Ingenuity Pathway Analysis' application (IPA, www.ingenuity.com). Only species 'human' was selected and from the three confidence levels provided by the system, 'Experimentally observed' and 'Highly predicted' data were used.
Statistical Analysis
Statistical test included Kaplan-Meier overall survival analysis, non-parametric t-test, χ 2 -test and Fisher's exact test performed with Graphpad Prism 5 software. The threshold for statistical significance was P-value o 0.05.
Results
Overall, the series consisted of 23 EBV + nongerminal center B-cell post-transplant diffuse large B-cell lymphoma (cases 1-23), 9 EBV − non-germinal center B-cell post-transplant diffuse large B-cell lymphoma (cases 24-32), and 19 control nongerminal center B-cell diffuse large B-cell lymphoma from immunocompetent individuals (cases 33-51).
The clinical features of all cases were summarized in Table 1 . Immunophenotypic data are listed in Table 2 (EBV + post-transplant diffuse large B-cell lymphoma) and Supplementary In our small series of EBV − post-transplant diffuse large B-cell lymphoma MUM1 expression was variable; CD138 was virtually absent in all cases and light-chain expression was limited. Subgroups of EBV-positive post-transplant DLBCL PD1-expressing cells were rare in all tested cases (not shown). PDL1 staining was performed on five EBV + post-transplant and three EBV − post-transplant diffuse large B-cell lymphomas. PDL1 expression was more extensive in EBV + (range 10-80%) versus EBV − cases (range 0-10%) and was found both in tumor cells and macrophages (Supplementary Figure 2) . On the basis of CD138 staining, a few cases of EBV + post-transplant diffuse large B-cell lymphoma were found to contain infiltrating plasma cells (Figure 1f) .
There was no difference in the amount of CD68 + macrophages infiltrating EBV + and EBV − diffuse large B-cell lymphoma in transplant and immunocompetent patients (Figure 1g ). CD163 + M2-polarized macrophages were equally abundant in EBV − diffuse large B-cell lymphoma in transplant and immunocompetent patients, but they were markedly increased in EBV + post-transplant diffuse large B-cell lymphoma (median 165 cells per hpf in EBV + versus 82 cells per hpf in EBV − post-transplant diffuse large B-cell lymphoma, P-value 0.018) (Figure 1h Table 2 and Figure 2) . Review of tumor morphology demonstrated that plasmacytoid features were more typical for IgM + cases. Necrosis was frequent in both subgroups (Table 2) .
A hypermutation assay performed on 19 EBV + post-transplant diffuse large B-cell lymphoma demonstrated somatic hypermutation in IgM − lesions (n = 4/11, seven assays failed), but not in the IgM + lymphomas (n = 6/8, two assays failed) ( Table 2 ). Of note, failure of the hypermutation assay (which occurred in 9/19, particularly IgM − cases) could be due to a high number of somatic hypermutations, impeding primer binding.
Analysis of the EBV latency pattern demonstrated latency III expression in all IgM + cases tested, whereas half of IgM − tumors (7/13) expressed latency II, I, or 0 (Table 2) . Overall, more lytic cells were found in IgM + (median 17 cells per hpf) compared with IgM − tumors (median o1 cell per hpf) (P-value 0.007).
CD138-ZEBRA double staining did not reveal co-expression of ZEBRA and CD138 (Supplementary Figure 3 ).
IgM + Post-Transplant Diffuse Large B-cell Lymphoma was Associated with Early Onset Following Hematopoietic Stem Cell Transplantation
Analysis of clinical data revealed that IgM + posttransplant diffuse large B-cell lymphoma was associated with hematopoietic stem cell transplantation (90%), whereas IgM − tumors occurred primarily in kidney transplants (46%). Notably, 6/8 IgM + tumors developed during antiviral treatment (mainly acyclovir). The interval between transplantation and onset of diffuse large B-cell lymphoma was significantly shorter for IgM + tumors compared with IgM − tumors (median 3 months versus 16 months, P-value 0.0032). IgM + tumors were associated with worse outcome (IgM + versus IgM − post-transplant diffuse large B-cell lymphoma, log-rank/Wilcoxon P-value 0.07/0.04) (Supplementary Figure 4) , however, this could be influenced by non-post-transplant lymphoproliferative disorder-related cause of death (60% of EBV + post-transplant diffuse large B-cell lymphoma patients died of sepsis or multi-organ failure). In IgM + post-transplant diffuse large B-cell lymphoma IPA predicted enhanced 'Unfolded Protein Response' signaling ( Figure 3a) represented by upregulation of XBP1 (FC 3.3; P-value 6.10 − 4 ) and ATF6 (FC 1.5; P-value 6.10 − 5 ). Enhanced unfolded protein response signaling was confirmed by RT-PCR for the spliced variant of XBP1 mRNA on six IgM + (cases 15, [19] [20] [21] [22] [23] and seven IgM − EBV + post-transplant diffuse large B-cell lymphoma (cases 1, 3, 4, 6, 7, 12, and 13) (P-value 0.0012) (Figure 3b ).
IgM
Discussion
The results of this study indicate (1) that the presence of EBV has a significant impact on the composition of the microenvironment of post-transplant diffuse large B-cell lymphoma and (2) that two subgroups of EBV + post-transplant diffuse large B-cell lymphoma exist associated with distinct clinical and biological features. In our series we found variable numbers of T cells in general and cytotoxic T cells in particular in EBV + post-transplant diffuse large B-cell lymphoma biopsies, indicating increased T-cell infiltration in some but not all EBV + post-transplant diffuse large B-cell lymphoma. M2-polarized macrophages were abundant in EBV + compared with EBV − diffuse large B-cell lymphoma in transplant and immunocompetent patients, confirming previously published gene expression profiling data. 2 The presence of M2 macrophages together with overexpression of genes involved in immunotolerance (PDL1, IDO1) suggests that in EBV + diffuse large B-cell lymphoma the immune system is (locally) actively suppressed. Nevertheless, the expression of granzyme B, perforin 1, and TIA1 in the cytotoxic T cells suggests these cells are functional.
In line with the previous reports, regulatory T cells were rarely detected in post-transplant diffuse large B-cell lymphoma. This may be attributed to obstruction of regulatory T-cell development by immunosuppressive agents. Analysis of the normal intestinal mucosa showed that liver transplant patients on a long-term combination regimen had significantly lower levels of regulatory T cells compared with healthy controls. 26 Notably, similar findings have been reported for EBV + classic Hodgkin lymphoma. A gene expression study found upregulation of antiviral signaling and macrophage-related genes (among which CD163) in EBV + samples. 27 In vitro, EBV was shown to induce PDL1 expression 28 providing an explanation for PDL1 overexpression.
On the basis of staining for IgM and analysis of somatic hypermutation, two subgroups of EBV + post-transplant diffuse large B-cell lymphoma were distinguished.
IgM − -mutated post-transplant diffuse large B-cell lymphoma was associated with late onset following kidney transplantation. In contrast, IgM + -unmutated post-transplant diffuse large B-cell lymphoma arose almost exclusively in hematopoietic stem cell transplant recipients, early following transplantation and was associated with worse outcome. The latter may be biased by the high number of non-post-transplant lymphoproliferative disorder-related deaths, however the IgM + tumors were associated with a significantly higher proliferation index than IgM − cases indicating they are more aggressive.
Morphologically and immunophenotypically, IgM + post-transplant diffuse large B-cell lymphoma was associated with a plasma cell phenotype linked with increased unfolded protein response signaling. The mechanisms behind this phenotype are unclear but it could reflect accelerated plasma cell differentiation of an unmutated naive IgM + /IgD + B-cell activated outside the germinal center. Also in chronic lymphocytic leukemia, the presence or absence of somatic hypermutation distinguishes two clinically distinct forms. Chronic lymphocytic leukemia with unmutated IgV genes is characterized by more aggressive disease and a poorer prognosis than cases with mutated IgV. 29 A factor that potentially contributes to the more aggressive clinical course of unmutated cases is (auto)antigenic stimulation of the IgM-type B-cell receptor of tumor cells resulting in induction of tumor-promoting signaling. [30] [31] [32] Whether this is also the case for IgM + post-transplant diffuse large B-cell lymphoma remains to be determined.
Post-transplant lymphoproliferative disorder is classically associated with EBV latency III, however also latency II and I have been reported. 6 In this series, the elaborate latency program III was expressed in all IgM + tumors, whereas also more restricted latency profiles II, I, and 0 were expressed in IgM − cases. This finding points to an interaction between the level of immunosuppression and EBV protein expression. In line with this hypothesis, most abundant EBV lytic replication was detected in IgM + post-transplant diffuse large B-cell lymphoma.
In this study we did not assess the origin (donor or host) of the post-transplant diffuse large B-cell lymphoma. Interestingly, however, post-transplant lymphoproliferative disorder following hematopoietic stem cell transplantation is most frequently of donor origin, whereas post-transplant lymphoproliferative disorder following solid organ transplantation is usually host-derived. 5 The implications of the origin of post-transplant lymphoproliferative disorder are not clear, but in two studies donor-derived post-transplant lymphoproliferative disorder was associated with earlier onset following transplantation and a higher rate of EBV infection compared with host-derived post-transplant lymphoproliferative disorder. 33, 34 On the basis of our results we hypothesize that because of the particularly severe immunosuppression in hematopoietic stem cell transplants compared with solid organ transplants, donor-derived EBV + B cells are the source of uncontrolled lytic replication. Whether this process is a cause of lymphomagenesis or merely a consequence of immunosuppression is not clear at the moment. Most likely, the interaction between both favors lymphomagenesis. Previous studies have demonstrated promising results for prophylactic use of antivirals in transplant recipients. [35] [36] [37] In our study, however, the majority of IgM + EBV + posttransplant diffuse large B-cell lymphoma arose in patients who received antiviral treatment. A potential explanation is that in moderately immunosuppressed solid organ transplants, but not in hematopoietic stem cell transplants, antivirals may be effective for prophylaxis.
Currently, standard treatment for post-transplant diffuse large B-cell lymphoma is independent of the EBV status of the tumor and consists of chemotherapy (CHOP; cyclophosphamide, doxorubicin, vincristin, and prednisone) frequently combined with anti-CD20 immunotherapy. The discovery of two subgroups with distinct biological features may allow stratification of post-transplant lymphoproliferative disorder patients and more effective treatment with targeted therapies. IgM + tumors may be sensitive to compounds that increase endoplasmatic reticulum stress, eg, bortezomib. 38 As bortezomib was shown to induce EBV lytic replication in vitro 39 combination therapy with antivirals could be an attractive treatment approach.
In conclusion, our study allows further molecular classification of post-transplant diffuse large B-cell lymphoma, the most frequent type of monomorphic post-transplant lymphoproliferative disorder, and provides a rationale for the use of treatments that target subtype-specific features. The particular phenotype and gene expression profile of IgM + tumors provides a biological basis for the clinical differences between post-transplant lymphoproliferative disorder following solid organ transplantation and posttransplant lymphoproliferative disorder following hematopoietic stem cell transplantation, which are regarded as very different disorders. 40 The authors acknowledge the potential biases that may have influenced the conclusions of this study, mainly the limited number of cases. Therefore, we encourage other groups to validate our findings in larger series of post-transplant diffuse large B-cell lymphoma.
